Electromagnetic signatures of a low observable aircraft have been studied in VHF band. First of all, a three-dimensional model of the aircraft has been established for numerical computation. Then, monostatic and bistatic radar cross sections (RCS) have been calculated. The model of the aircraft is made by a curved surface, and commercial as well as in-house three-dimensional electromagnetic code which is based on the method of moments (MoM) is utilized to calculate the RCS. A characteristic basis function method (CBFM) and a multilevel fast multipole algorithm (MLFMA) have been applied to analyze electrically large objects. The change of the monostatic RCS is very large depending on the direction of the incident wave. The maximum value is about 42 dBsm at the top and bottom of the aircraft, and the minimum value is about −10 dBsm at the front and back of the aircraft. It is found that the bistatic RCS also changes dramatically depending on the direction of the incident wave. The direction of maximum RCS occurs around specular reflection, and the value of maximum RCS ranges from 27 dBsm to 43 dBsm. On the other hand, the direction of the minimum RCS occurs irregularly, and the value is in the level of −30 dBsm.
Introduction
Various low observable technologies for an aircraft have been utilized to reduce radar cross section (RCS) to avoid detection by radars and have become a vital design goal of a tactical aircraft. The shape of the aircraft is the most important factor, and in general, low observable performance is targeted at a high frequency region, such as the X band [1] . On the other hand, preliminary researches on the detection of a low RCS aircraft using the radars in a low frequency region have been attempted [2] [3] [4] . In the low frequency, radars can be designed to be installed on the ground or on sea vessels since the size of radar is relatively larger compared to a high frequency system.
Based on a radar equation, the received power is proportional to the square of the wavelength if all other parameters are fixed. Thus, it is clear that using lower frequency is an effective way of detecting long range target or low RCS objects if the RCS is theoretically known at that frequency region. Of course, one needs a larger antenna size to have a similar gain of the higher frequency system. On the other hand, the size of a modern low observable aircraft is comparable to the wavelength in VHF and UHF regions and the RCS will be in the resonant region, rendering effective detection of objects in the far distance. In this paper, RCS of a low observable aircraft in the VHF band is calculated using rigorous numerical techniques, and variation of RCS depending on the polarization and direction of the incident wave is analyzed. Numerical techniques and model for an aircraft are important to accurately predict RCS. Thus, a three-dimensional aircraft model is built using the curved surface to reduce computational cost and improve the accuracy of the result. Then, RCS is calculated using the aircraft model in the VHF band. In-house code and commercial software which are based on the method of moments (MoM) are used to calculate RCS. Although the MoM is a well-known full-wave method which is capable of predicting the RCS of arbitrary conducting objects, the method itself is very computationally expensive and sometimes not possible for electrically large structures. Thus, a characteristic basis function method (CBFM) [5] [6] [7] is applied to in-house MoM code, while a multilevel fast multipole algorithm (MLFMA) [8] which is built in the commercial software [9] is utilized. Monostatic RCS of the low observable aircraft in VHF is calculated, and the change of RCS depending on the direction and the polarization of the incident wave is analyzed. Also, after bistatic RCS is obtained as a function of the angle of incidence and polarization of the incident wave, the direction of the maximum as well as the minimum RCS has been found.
Modeling of the Aircraft
The model of the aircraft in this paper is based on F-22. Many types of radars for detecting an aircraft are developed in high frequency such as the X band. Then, the aircraft is generally designed to minimize RCS in high frequency than low frequency. In this situation, radar in low frequency such as the VHF band is useful although it has disadvantages in terms of size and installation. The RCS of the aircraft which is not optimized in the VHF band is analyzed using this model.
Reliability and accuracy of the calculated RCS depend on the accuracy of the three-dimensional electromagnetic model of the aircraft. In order to enhance the accuracy of the model, the structural details and surface curvatures of the aircraft have to be reflected in the model as much as possible. However, computational resources, such as calculation time and computer memory, increase exponentially with the addition of small structures. Therefore, compromise between accuracy and efficiency is important in the modeling of an aircraft. The model which is used in this paper is shown in Figure 1 . It should be noted that the external surface of the aircraft is represented as the perfect electric conductor (PEC), and the interior details, such as an engine and air intake, are omitted to reduce overall computational cost at the expense of degraded accuracy.
The engine inlet of the aircraft model in this paper is closed. Although an engine inlet should be included to obtain more accurate RCS, RCS in a high frequency region such as the X band has been reported in most of the papers about engine inlet or open-ended cavity. Electromagnetic characteristics are different between high and low frequencies. For example, interior irradiation is much larger than the rim diffraction, especially high frequency. Also, the nose, inlets, nozzle, and junctions between the fuselage, the wings, and the stabs will present as Raleigh regime scattering centres. Therefore, the analysis of structures such as the engine inlet should be done carefully in the VHF band. The analysis of the RCS of the engine inlet in VHF will be future work.
The model comprises 66 curved surfaces, resulting in about 60,000 triangular meshes at 200 MHz.
Numerical Method
In the conventional MoM, the electromagnetic scattering problem with PEC in a free space is dealt with the electric field integral equation (EFIE), and surface current is expressed by the Rao-Wilton-Glisson (RWG) basis function. However, in order to analyze an electrically large object, such as an aircraft, the utilization of CBFM and MLFMA would be necessary.
Each acceleration technique has advantages. For the same geometry, if the frequency is fixed, excitation is changed; CBFM is more efficient than MLFMA because the impedance matrix for direct solver is constructed. In this paper, monostatic and bistatic RCS is analyzed depending on the polarization and direction of the incident wave in a frequency. Therefore, CBFM is used for obtaining the RCS of the aircraft International Journal of Antennas and Propagation in this paper. In most commercial software, MLFMA is applied. Thus, commercial software using MLFMA is used to verify the accuracy of the in-house code based on CBFM.
Characteristic Basis Function Method (CBFM). In-house
MoM code based on CBFM is used to analyze the full-size aircraft. The CBFM starts with dividing original geometry into several blocks to construct characteristic basis (CB). In this stage, the divided blocks do not overlap each other. And then, every block is extended into the region beyond the original boundary as much as 0.2 to 0.6 λ to avoid singularity of the current distribution at the boundary. The geometry in each block is regarded as a single entity when CBs are calculated. And, for each block, 800 external plane waves are illuminated. The interval between the plane waves is 20°in azimuth and elevation, and vertical as well as horizontal polarizations of the plane wave are employed. Then, 800 matrixes of which the size is the number of unknowns in each block are obtained as the illumination matrixes. The linear equation can be derived with the impedance matrix in the block and illumination matrix. When the linear equation is solved, the current distribution is obtained as original CBs from 800 excitation vectors. However, all 800 CBs are not necessary to represent current distribution in the block. Thus, singular value decomposition (SVD) is applied to eliminate redundancy, resulting in computational efficiency. Note that the diagonal elements indicate the representativeness of each basis function. In this letter, CBs which have a singular value less than the threshold have been eliminated from the CB group, where the threshold has been set to 0.001 of the maximum singular value. The remaining bases are taken as CBs for each block. By applying the SVD technique, the redundant basis has been removed and the size of the matrix is greatly reduced. The matrix is treated as the CB matrix for each block. When CB generation for each block is finished, the process that combines block information to one reduced matrix is required. The size of the reduced linear system is much smaller compared to the original geometry problem. Thus, it can be solved with a direct solver. By reallocating each unknown to the original low-level basis index, the current density or RCS can be obtained. Figure 1 , there is an aircraft on the xy plane. The cockpit is located towards the +y direction, and the main wings are located along the ±x direction. The plane wave is incident at ϕ i = 0°and θ i = 225°, and the frequency is 230 MHz. As shown in Figure 2 , RCS using CBFM is similar with that using MLFMA. RCS is the maximum in the direction of specular reflection. Thus, CBFM is used for other numerical results in this paper.
Monostatic RCS
4.1. PEC. As shown in Figure 1 , there is an aircraft on the xy plane. The cockpit is located towards the +y direction, and the main wings are located along the ±x direction. When the incident wave is 230 MHz, the monostatic RCS for the aircraft is analyzed. The monostatic RCS in the xy plane, yz plane, and xz plane is calculated depending on the polarization and the direction of the incident wave. When the incident wave is copolarization, RCS is shown in Figure 3 , where θθ means that the incident wave has θ direction and the scattered wave for the θ direction is also calculated and ϕϕ means that the incident wave has ϕ direction and the scattered wave for the ϕ direction is also calculated.
When ϕ i is 90°and θ i is 0°∼ 360°, the monostatic RCS is shown in Figure 3(a) . When the top and bottom of the aircraft are observed, the RCS becomes very high and the value is about 40 dBsm. On the contrary, the side of the aircraft is observed, the RCS becomes small, and the value is about 8 dBsm. When polarization is changed from θθ to ϕϕ, the RCS is also changed. Particularly, when the aircraft is observed obliquely, the change of the RCS is serious. Even if the overall tendency is similar between θθ and ϕϕ, the specific value is changed depending on the direction of the incident wave. When the direction of the incident wave is θ = 0°~360°and ϕ = 0°, the monostatic RCS is shown in Figure 3(b) . The RCS for the top and bottom of the aircraft is similar between Figures 3(a) and 3(b) . When the front and back of the aircraft are observed, the RCS is very small and the specific value is about −10 dBsm, Therefore, when the radar for detecting a low observable aircraft is designed, it is important to know this tendency for the RCS because International Journal of Antennas and Propagation the change of the RCS depending on the direction of the incident wave is severe. When the direction of the incident wave is θ = 90°and ϕ = 0°~360°, the monostatic RCS is shown in Figure 3 (c). The RCS in Figure 3 (c) is generally smaller than that in Figures 3(a) and 3(b) because the side of the aircraft is observed. The RCS in the front and back of the aircraft is smaller than that in the side of the aircraft. The RCS for θθ is generally larger than that for ϕϕ because θθ polarization is the direction of the front and back of the aircraft and ϕϕ polarization is the direction of the top and bottom of the aircraft. Monostatic RCS for cross polarization is shown in Figure 4 . When the direction of the incident wave is θ = 0°~360°and ϕ = 90°, the monostatic RCS is shown in Figure 4 (a). θϕ means that the direction of electric fields in an incident wave is θ and the scattered wave for the ϕ direction is calculated. In this way, ϕθ means that the direction of electric fields in an incident wave is ϕ and the scattered wave for the θ direction is calculated. The direction of the incident wave in Figure 4 (b) is θ = 0°~360°and ϕ = 0°, and the direction of the incident wave in Figure 4 (c) is θ = 90°and ϕ = 0°~360°. The RCS for cross polarization is much smaller than that for copolarization as well as the size of the aircraft. While the RCS in Figure 4 (a) is larger than that in Figures 4(b) and 4(c), it has a small value compared with that in Figure 4 (a) where the plane is the same with that in Figure 3(a) . Also, the RCS between θϕ and ϕθ is similar.
PEC with Dielectric
Coating. An absorbing material layer such as RAS or RAM is essential to decrease RCS. While electromagnetic characteristics such as the reduction of the RCS and frequency band are the most important, mechanical characteristics such as thickness and durability for a severe environment have to be considered carefully. Thus, the design for realistic structures is complex. However, a simple absorber design is used in this paper because only the reduction effect of RCS is analyzed in the VHF band and mechanical characteristics are not considered. It is assumed that the ferrite material of which relative permittivity and permeability are 12.5 and 1. International Journal of Antennas and Propagation dielectric layer on PEC. In this paper, thin dielectric sheet (TDS) approximation is used. In TDS, computational cost is reduced because the dielectric layer is approximated to the equivalent sheet by neglecting the change of the internal field along normal direction and considering only the tangential field along the thin dielectric layer. 
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When the dielectric layer is applied to the aircraft, the monostatic RCS is shown in Figures 5 and 6 . While the θ direction of the incident and scattered waves is considered in Figure 5 , the ϕ direction of the incident and scattered waves is considered in Figure 6 . The RCS of all directions is reduced by the absorbing material as shown in Figures 5  and 6 . In Figure 5 , RCS decreases as much as 5 dBsm and 8 dBsm in each direction of the front and back of the aircraft, and the reduction of RCS is about 10 dBsm at the bottom of the aircraft. In Figure 6 , RCS decreases as much as 20 dBsm in the direction of the front and back of the aircraft, and the reduction of RCS is about 7 dBsm at the bottom of the aircraft. Although monostatic RCS generally decreases, the reduction effect by the absorbing material is changed depending on polarization and direction. Also, the decrease of RCS in the aircraft is smaller than that in the planar structure because the reflection coefficient of the absorbing material varies with characteristics of the incident wave. Thus, when RAS or RAM is designed in the VHF band, it is important to maintain the reflection coefficient even if the incident wave or frequency is changed.
Bistatic RCS
The interval of the incident and scattered waves is 1°. Now, the incident plane wave is given as
where
where α represents two orthogonal polarizations; that is, α = 0°case does have no z-directed electric field component.
On the other hand, when α = 90°, the electric field has z component. When the plane wave is incident upon the aircraft from the lower front side ϕ i = 90°, θ i = 225°, the bistatic RCS of Figure 2 . The result from the MLFMA agrees very well with that of the CBFM. Monostatic RCS at ϕ s = 90°, θ s = 225°is around 5 dBsm, and the fluctuation of RCS is huge which is greater than 50 dBsm. It has been observed that the maximum RCS value is about 42 dBsm at the specular reflection detection ϕ s = 90°, θ s = 135°and the RCS changes rather slowly in the nearspecular reflection direction. Bistatic RCS can be calculated for any incident angle and observation direction. In this work, however, bistatic RCS is calculated with the incident angle from the lower side of the aircraft (90°< θ i < 270°) and the observation angle is also considered in the lower region (90°< θ s < 270°).
Maximum RCS.
In this section, the direction of the maximum RCS has been found for various incident angles ranging from θ i = 90°to θ i = 270°with ϕ i = 0°and 90°When polarization α is 0, the direction and value of the maximum RCS are shown in Figures 7 and 8 for two orthogonal planes (ϕ i = 0°and 90°). It is clear that most of the maximum values are observed at the specular directions. Of course, it is possible that the maximum RCS can occur at different planes due to the curved surface. It is interesting to observe that the maximum RCS for two orthogonal polarizations is greater than 35 dBsm in the most incident angle; however, when α = 0°, that is, there is no z component in the incident wave, the maximum RCS becomes less than 30 dBsm around θ i = 90°and 270°. Also, it is clear that the maximum RCS is larger at ϕ i = 0°than ϕ i = 90°in most cases. Although the shape of the aircraft is for low observable performance, the maximum RCS is quite large near the specular reflection directions.
When polarization α is 90°, the direction and value of the maximum RCS are shown in Figures 9 and 10 . The overall tendency in α = 90°is similar to that in α = 0°. The direction of the maximum RCS is near to specular reflection regardless of polarization. When θ i is 90°and 270°, RCS in α = 0 is larger than RCS in α = 90°because the direction of the electric field in (α = 0°) is along the width direction of the aircraft.
Minimum RCS.
The minimum of RCS is found depending on the change of the incident direction. When polarization α is 0, the direction and value of the minimum RCS are shown in Figures 11 and 12 . Contrary to the maximum RCS, the direction of the minimum RCS is irregular. Particularly, there is no relation in the θ direction between the incident wave and the scattered wave where RCS is minimum. In the ϕ direction, ϕ s of the minimum RCS is almost 90 because the effective area in ϕ = 90°is generally smaller than that in ϕ = 0°because the cockpit or tail is seen at ϕ = 90°. When the ϕ i direction is 0, the range of the minimum RCS is from 5 dBsm to −12 dBsm. When the ϕ i direction is 90, the range of the minimum RCS is from 2 dBsm to −30 dBsm. The value of the minimum RCS is generally small and fluctuating sharply. Thus, it is difficult to detect the aircraft in this direction. The minimum RCS in ϕ i = 90 is generally smaller than that in ϕ i = 0 due to the difference of the effective areas. When polarization α is 90, the direction and value of the minimum RCS are shown in Figures 13 and 14 . The overall 
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International Journal of Antennas and Propagation tendency in the case that α is 90 is similar to that in the case that α is 0. The direction of the minimum RCS is also irregular. However, when ϕ i is 90, that is, the incident wave is from the head to the tail of the aircraft, the direction of the minimum RCS is near the incident direction. The value of the minimum RCS is from 3 dBsm to −30 dBsm. When θ i is 90 and 270, RCS in α = 0 is larger than that in α = 90 because the direction of the electric field is along the width direction.
Conclusion
Researches for detecting the aircraft using radar in the VHF band are studied. Thus, the analysis of the RCS of the aircraft is required to design efficiently the radar. The range of monostatic RCS is very wide according to the direction of the incident wave. For copolarization, the maximum value is 42 dBsm, and the minimum value is −10 dBsm. In addition, bistatic RCS is calculated. Maximum RCS occurs in the near to specular direction and is ranging from 44 dBsm to 26 dBsm. Therefore, in order to detect the aircraft in the VHF band, it is effective to use two radars and widen their space as much as possible. On the other hand, the direction of the minimum RCS is irregular, and its range is from 5 dBsm to −30 dBsm. The value of the minimum RCS is small, and its direction is roughly close to the incident direction. Unfortunately, it is difficult to find the accurate direction of the minimum RCS because RCS in the near to incident direction varies very sharply. It is expected that the results in this paper are of help to design the radar in the VHF band. 
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